Pulse oximeters are being widely used for non-invasive, simultaneous assessment of haemoglobin oxygen saturation. They are reliable, accurate, relatively inexpensive and portable. Pulse oximeters are often used for estimating heart rate at rest and during exercise. However, at present the data available to validate their use as heart rate monitors are not sufficient. We evaluated the accuracy of two oximeters (Radiometer, ear and finger probe; Ohmeda 3700, ear probe) in monitoring heart rate during incremental exercise by comparing the pulse oximeters with simultaneous ECG readings. Data and treadmill (Quinton, Uniwork Ergometer 845-644 Programmer, Seattle, Washington, USA) to volitional fatigue. Cycle ergometry began at a work rate of 70 W and power output was increased by 35 W at the end of each 2-min stage. Treadmill tests started at 00 elevation and a speed of 1.7m.p.h. The speed was increased according to the Bruce protocol' and the grade was elevated by 2.50 at the end of each 2-min stage.
Finger and ear lobes were cleaned with 70% isopropyl alcohol before placing the probes. To minimize motion artefacts, the wiring of ear probes was secured with a head band and the finger probe was taped on the right index finger. Stability of the probes was tested by asking the subjects to move their heads and fingers before the tests started.
Data analysis Linear regression analysis was used to determine the predictive capacities of pulse oximeters in estimating heart rate at rest and during exercise. Differences between mean heart rate recorded by oximeters and by ECG were analysed by a paired Mtest (two-tail). Significance was established at the P < 0.05 level. (Table 2) . Linear regression analysis of heart rate readings below and above 155/min performed separately showed that previously observed overall significant correlations between ECG and oximeter readings disappeared and became insignificant at rates above 155/mmn (Table 3) .
A scatter diagram plotting pooled oximeter readings against those ECG readings also showed an apparent deviation of oximeter readings at heart rates above 155/min (Figure 1) . The heart rate of 155/min corresponds to 89% of the average maximal rate of our subjects. The average resting rate was 68/min (range 55-100) and the average maximal heart rate was 174/min (range 150-190). Plotting of ECG and oximetry readings as a function of maximal heart rate showed that there were no differences between estimates of heart rate between the oximeters and ECG until the subjects reached approximately 89% of their maximal heart rate. However, above 89% of the maximal rate (measured by ECG), the oximeter readings significantly under-estimated heart rate at each successive work rate (Figure 2 ). Data so far studied have been pooled from both treadmill and Figure 2 . Heart rate (beats/min) with ECG and pulse oximeter readings related to the percentage of maximum heart rate cycle testing. When the data were analysed separately, as obtained from treadmill and cycle testing, there were no differences from these results.
Discussion
The results of this study indicate that both pulse oximeters, Oxi with ear and finger probes and Ohmeda 3700 with ear probes, accurately estimate heart rate at rest and during submaximal exercise, In summary, the pulse oximeters studied in this paper accurately estimate heart rate at rest and during submaximal exercise (i.e. at a rate of <155 beats/min or <89% of maximum), but tend to under-estimate heart rate during heavy exercise. Therefore, at present it is suggested that the use of pulse oximeters to estimate heart rate during exercise should be limited to submaximal work.
